With the development of electrified railway, harmonic resonance accidents occur from time to time. Based on the mechanism of resonance, a harmonic resonance suppression radical method by impedance reshaping is proposed. Thus, the equivalent impedance of the train position is significantly reduced. Compared with the traditional method of improving harmonic current, this method of impedance reshaping can not only suppress the resonance caused by its own harmonic, but also suppress the resonance caused by other trains or other unknown harmonic sources. Harmonic impedance of the train in the resonant frequency is reshaped by detecting the resonance voltage and controlling the auxiliary converter harmonic current. The resonance identification and parameter settings of the impedance reshaping control are also discussed. The proposed harmonic resonance suppression strategy is fully tested with an auxiliary converter control in a simulation trains-network system model. The performance of the proposed strategy is further evaluated on the experimental platform. Both the results verify the effectiveness and feasibility of the proposed strategy. The application of SiC devices makes it effective to suppress the resonance of thousands of hertz. The experiment was validated in two cases. One is the resonance caused by the harmonic current of the train itself. The second is the resonance caused by the harmonic current of trains in other locations. In both cases, the train using impedance reshaping method can ensure that the resonance of its position is effectively suppressed.
I. INTRODUCTION
With the large-scale use of electrified trains including highspeed trains, harmonic resonance is becoming more and more prominent in traction networks. When harmonics of trains match the peak impedance of the traction network, harmonic resonance may occur with amplified harmonic voltage from The associate editor coordinating the review of this manuscript and approving it for publication was Yuh-Shyan Hwang. hundreds to thousands of hertz. This not only affects the normal operation of the train, also results in security problems. Accidents such as tripping, lightning arrester burnout and train outage often occur. Even other trains on the same power arm are affected. This kind of harmonic resonance phenomenon was first reported in the field of electrified railway in Switzerland, harmonic current caused multiple train protection device action, train outage [1] . Since that time multiple harmonic resonance accidents have also occurred in other parts of Europe, Japan, South Korea and China [2] . With the rapid development of high-speed railways in China, harmonic resonance accidents began to occur in 2007. Hundreds to thousands of Hertz resonance accidents occur on different lines, resulting in the burnout of equipment and traction power loss.
The research of harmonic resonance in the trains-network system mainly focuses on the modelling and analysis of trains and traction networks, as well as the reappearance of harmonic resonance phenomenon and mechanism analysis [3] - [6] . The model of the train is often simplified as a four-quadrant converter (4QC). It is usually represented by a constant current model for harmonic studies [7] , [8] . The impedance of the 4QC will affect the traction network analysis [9] . A harmonic current from the train and the impedance of the traction network form a resonant circuit, causing the train terminal voltage current amplitude to increase significantly. In China's electrified railways, the all-parallel AT-fed catenary system is the most commonly used traction network structure. The traction network model mainly contains the equivalent circuit model, generalized symmetrical component model, and chain-circuit model [10] .
In the field of electrified railway, the most common method to suppress resonance is to minimize the harmonics or change the frequency of the harmonic current [11] - [13] . In practical application, adopting passive filters is a common method to reduce harmonic current. The active power filter is also used for resonance suppression [14] . Compared with a passive filter, an active power filter has faster response speed and compensation characteristics of a dynamic harmonic suppression device. Most active power filters use the PWM converter as the main circuit [15] . At present, the most studied resonance situation is that the harmonic of the train itself matches the harmonic impedance frequency of its location. However, not all resonance accidents are caused by harmonics of the train in the accident point. In fact, other harmonic sources, mainly other trains, will also generate harmonics, and these harmonics will propagate over the traction network. Reducing harmonics is effective for partial resonances, but not for all resonances. When the train runs to a position where the characteristic impedance of the corresponding frequency is very large, the harmonics from other sources will also resonate in this position. Our goal is to find an effective method for all resonances by changing the impedance at the location of the train.
In the field of power system, there are some studies on changing the fixed position impedance. Active damping mainly uses the control algorithm to simulate the system damping resistance [16] - [18] , and a shunt active damping device is parallel to the public point [19] - [22] . The resistive active filter (R-APF) uses a high pass filter to extract the harmonic component, then multiplies the harmonic component by a gain to simulate the damping resistor. It is often parallel to the end of the line. R-APF can be equivalent to a damping resistance at the harmonic frequency, so that the harmonic resonance can be suppressed [23] . R-APF has been applied to the power grid system effectively [24] . R-APF needs extra hardware facilities, such as an extra converter. The installation position of the device is fixed. Some researchers have addressed the influence of the positions of the different active filters when there are many active filters installed in the system [25] , [26] .
Compared with the power system, the railway system has some characteristics that cannot be ignored. The train needs to run continuously, and the position of the train changes constantly, which also means that the harmonic source is moving. The impedance of the traction network at the location of the train is also changing with time. Owing to the complex impedance characteristics of traction networks, harmonic impedances in some specific frequencies may reach high value. Different trains also interact with each other. It is hard for traditional methods to adapt to the situation that the train position and circuit topology are constantly changing in electrified railway.
We propose an effective way to meet changes of train position, its equivalent impedance, harmonic content and harmonic frequency in railway system. Considering that the train itself has auxiliary converters, integrating the impedance reshaping control into the auxiliary converter of the train is a feasible method. The proposed train impedance reshaping method can not only suppress the resonance caused by its own harmonic, but also suppress the resonance caused by other trains or other unknown harmonic sources. It can adapt to the change of system topology and harmonic current caused by the change of position and working condition. By keeping each train free from resonance, it ensures the normal operation of the whole system.
The second section introduces the trains-network system and harmonic resonance mechanism. In the third section, the control of the harmonic resonance suppression function for the auxiliary four quadrant converter is discussed, the influence of control parameters is analyzed, and the suppression strategy of impedance reshaping control is given. The fourth part details the simulation of the concrete parameter and proves the correctness of theory analysis. In the fifth part, the experimental platform and experimental results on it are introduced. Finally, the sixth part is a summary of the full text.
II. TRAINS-NETWORK SYSTEM HARMONIC RESONANCE AND SUPPRESSION ANALYSIS A. INTRODUCTION OF THE TRAINS-NETWORK SYSTEM
A schematic diagram of trains-network system is shown in Fig. 1 . T represents contact lines; R represents rails and F represents positive feeders. The whole traction network can be equivalent to an RLC circuit. The railway traction power supply networks and the rectifier side of the traction converter and auxiliary converter of the train all use singlephase electricity.
The primary side of the main transformer of the train is the traction network side. On this side, the fundamental component of the supply voltage corresponds to 27.5kV. In general, it is necessary to have a separate converter to achieve the function of compensating current. In addition to the traction winding, there is also a separate auxiliary winding for the auxiliary converter in some trains as shown in Fig. 2 .
Harmonics of the traction drive system are mainly in the following categories: harmonics around the integral multiple of switching frequency, medium frequency harmonics, and low frequency harmonics such as 3 th , 5 th and 7 th harmonic. For the harmonic resonance of trains, the generation of harmonics is mainly related to the switching frequency of PWM. The frequency of harmonic resonance is usually in the frequency range from several hundred to several thousand hertz. For relatively high harmonic frequencies, a higher switching frequency is required to generate a corresponding instruction. The application of SiC devices makes it effective and possible to suppress higher frequency resonance in this paper. Fig. 3 is the schematic diagram of the characteristic impedance of the power supply arm of the traction network at different frequencies. The abscissa represents the frequency, and the ordinate represents the impedance of the point at this frequency. At some specific frequencies, the corresponding impedance value has a peak value which is much higher than the impedance value at other frequencies. The frequency corresponding to the peak value is the characteristic frequency of the point of the power supply arm, and the impedance corresponding to this point is the characteristic impedance. In general, the characteristic frequencies of the same power supply arm are several fixed frequencies, and the characteristic impedance corresponding to each frequency varies with the position. The harmonics generated by the train converters can be transmitted to the traction network. When the frequency of the harmonics of the train corresponds to the frequency of the characteristic impedance of the traction network, the harmonic resonance occurs and produces overvoltage. Whether the resonance is caused by the harmonic of the controlled train or other trains in the same traction power supply system, the resonance can be calculated as follows. The product of the harmonic current amplitude and the amplitude of the impedance determines the amplitude of the resonant voltage, while the impedance parameters determine the resonance frequency. The harmonic voltage or current will be mainly distributed on the characteristic frequency, thus the focus of the resonance suppression is to eliminate the voltage and current content of the characteristic harmonic resonance frequency. The resonance can be suppressed by reducing the amplitude of the impedance.
B. HARMONIC RESONANCE MECHANISM

C. HARMONIC RESONANCE SUPPRESSION METHOD
As shown in Fig. 4 (a) , there are two trains on the same power supply section. The left train with the main circuit diagram shows that this train is controllable, while the train showing the appearance on the right is uncontrollable. If harmonic resonance occurs on the left train, there are two possible reasons for this. One is that the harmonic current of the left train matches the frequency of the characteristic impedance of the traction network at the position of the train and produces resonance. Even if the train's own harmonics do not exceed the standard, provided that the characteristic impedance is substantially large, the resonance can still occur. In the other case, harmonics of other trains on the traction network, such as the right train, are injected into the traction network. Harmonics are propagated to the position of a controlled train, which match the impedance of the site and produces resonance. In this case, the harmonic source in other positions of the traction network is not controllable. The method adopted in this paper is applicable to both cases discussed above.
According to the resonance mechanism, to suppress the harmonic resonance, it is necessary to reduce the harmonic impedance. The impedance reshaping control can be considered as paralleling additional virtual impedance at the connection point to reduce the equivalent impedance, to obtain the effect of resonance suppression. The original control strategy [27] of four-quadrant converter is the double-loop control. U d * is the DC-link voltage command, and U d represents the DC output voltage sampled value. The current command (i m * ) amplitude is derived from the PI controller output, while the current command phase is from the input voltage source sampled value.
The ratio of the primary winding, n 1 , to the auxiliary winding, n 3 , of the main transformer is k.
The impedance reshaping control is added to the original control strategy as shown in Fig. 4 (b) . The theta parameter is obtained through a PLL circuit. Corresponding to the harmonic source and characteristic impedance peak in different positions, we must detect the primary voltage of the transformer [28] . The voltage of the primary side, u inp , is converted by the proportional k and harmonic voltage, u h , is obtained by FFT. Moving window of FFT analysis contains 800 sampling points [29] . The harmonic current instruction, i h * , is added to the original auxiliary converter current instruction.
III. CONTROL OF HARMONIC RESONANCE SUPPRESSION FUNCTION FOR AUXILIARY CONVERTER A. SUPPRESSION ANALYSIS OF IMPEDANCE RESHAPING CONTROL FOR AUXILIARY CONVERTER
As shown in Fig. 5 , the harmonic current command value i h * is obtained after the voltage value u h of the detected harmonic resonance frequency is converted to G.
Among them, L m is the auxiliary converter AC side inductance which can be measured, R m is the auxiliary converter stray resistance which is very small and typically negligible. The C(s) is the control link. The proportional control is applied in this paper, and the proportionality factor is H . P(s) is the controlled object of the current loop, which corresponds to the main circuit of the converter. The harmonic current i h is the harmonic component of the converter AC current i m . The transfer function of closed current control loop is calculated as follows:
Impedance reshaping control obtains harmonic current instructions based on harmonic voltage calculation and it can be externally equivalent to the virtual impedance Z a at harmonic frequency. Impedance Z a consists of inductance component L a and resistance component R a .
As shown in Fig. 6 , to facilitate the analysis, the line impedance is equivalent to the parallel form of the traction network equivalent inductance L n and equivalent capacitance C n . When the network voltage resonance occurs, it can be considered as a parallel resonance of equivalent inductance and equivalent capacitance of traction network. The impedance reshaping control link of the train auxiliary converter is equivalent to the parallel equivalent impedance Z a at the location of the train. Z is the impedance value of the position where the train access to traction network. At this point, the impedance value Z corresponding to this position will change.
The line impedance Z n is determined as follows:
After the impedance reshaping control of the auxiliary converter, the new impedance of the train location is as shown in (8) .
In the absence of equivalent impedance Z a , Z is the line impedance Z n , thus the original characteristic frequency of Z is:
By adding the impedance reshaping control, and ignoring the influence of resistance on characteristic frequency, the new characteristic frequency of Z is approximated.
When the impedance reshaping control is added, the characteristic frequency becomes larger, and the equivalent impedance is smaller.
The impedance Z is paralleled by the line impedance Z n and train equivalent impedance Z a , and the value of Z is less than each of the two values. Provided that the Z a is sufficiently small, the Z can be ensured to be small enough to suppress the voltage resonance at this point. Therefore, this method can adapt to the situation of train movement and the variation of traction network parameters. If the train equivalent impedance is controlled, the change of external conditions will not affect the suppression effect.
Equivalent impedance value at original characteristic frequency:
The impedance value at the characteristic frequency is approximately: The characteristic frequency and corresponding impedance value are related to the line parameters and train parameters.
According to the harmonic voltage limit value and harmonic current source value, we determine the impedance limits within a certain range. Under normal circumstances, the harmonic current source value cannot exceed harmonic current limited value. The limiting value of the harmonic voltage is fixed. The limiting range of impedance value can be obtained. In the case of line parameters and harmonic frequency changes, if the control is appropriate, it can effectively suppress resonance.
B. SUPPRESSION STRATEGY OF IMPEDANCE RESHAPING CONTROL FOR THE AUXILIARY CONVERTER
According to the IEEE standard 519-2014 [30] , the single harmonic voltage distortion is less than 3%, and the total voltage distortion is less than 5%. And the specific harmonic current limit is shown in Table 1 . For the harmonic current, the frequency is different, as is the corresponding harmonic limit. In the corresponding harmonic range, the corresponding Z and G are calculated respectively.
After voltage detection, it is necessary to determine whether the system is normal or unstable. Once the resonance occurs, the impedance reshaping control starts and keeps running. Inspecting the system status, if the system restores stability, normal control re-uses. With several each resonance frequencies, the suppression strategy of impedance reshaping control for auxiliary converter is shown in Fig. 7 . u is the instantaneous value of grid-side voltage; u L is the limit value of grid-side voltage, which in the subsequent discussion is defined as 43 kV; T L is the limit value of total harmonic distortion rate; u hn is n-th harmonic component of grid-side voltage; u fund is the fundamental component of the grid-side voltage; and S L is the limit value of single harmonic distortion rate which can be found in Table 1 . G hn is the control parameter G corresponding to the n-th harmonic component.
In the strategy, we calculate G hn with different frequencies.
i hn × Z hn = u hn ≤ 27.5 × 10 3 × 3% (15) i hn < i hlimit (16) Z hn ≤ u hn i hn (17)
L m , k and H are known.
IV. SIMULATION RESULTS
Resistive active power filter (RAPF) is an effective approach to mitigate harmonics [25] , [26] . The train impedance reshaping method proposed in this paper is similar to RAPF method in principle and both can achieve the effect of harmonic suppression. The RAPF method requires additional power circuit of the active filter power converters to be installed on lines. Adding additional hardware equipment to each section of the line will result in high cost. It can only suppress specific harmonics in most cases, such as 5th or 7th harmonics, due to the limitations of fixed circuits and switching devices. The installation position of the equipment on the line will also have an impact on the suppression effect. Our proposed train impedance reshaping method uses train auxiliary converter as the main circuit to suppress harmonics. In this way, there is no additional hardware cost, and the suppression effect is not affected by the location. Because of the use of SiC devices, the detected harmonics can be suppressed effectively in a wide frequency range. In this section, the model of traction network and train is established using Simulink. The trains-network system is divided into three parts: the traction network, the left train as harmonic source, and the right train which is controllable. The line simulation parameters are designed according to a line in China. The length of the power supply arm is 48 km. The harmonic source is at 12 km, and the controllable train is at 36 km, as shown in Fig. 8 . The simulation parameters referring to actual operation parameters of the train are shown in Table 2 . The left train is simplified as a harmonic source. The line has characteristic impedance at 850Hz. The current loop control parameter, H, is set to 1.
The simulation model with specific parameters is shown in Fig. 9 . As shown in Fig. 10 , by comparing the theoretical impedance and the simulated system impedance, it is proved that the adequacy of simulation results.
As shown in Fig. 11 , the peak amplitudes of the resonance voltages are over 40 kV at 12km and around 50 kV at 36km, the total distortion rate of the voltages are 14.49% at 12km and 29.51% at 36km, and the harmonics are mainly in the three frequencies of 850Hz, 1650Hz and 3050Hz. We then calculate G using these three frequencies respectively. 850Hz is the most obvious resonant frequency. The harmonic distortion rate of this frequency exceeds 10% and near 30% at 12km and 36km. This shows that the resonance does not only occur at the location of the harmonic source. Therefore, it is necessary to consider the resonance caused by other harmonic sources.
As shown in Fig. 12 , the peak value of the voltage waveform decreases obviously, the amplitude returns to around 40 kV. The total harmonic distortion rate of the voltage drops from 14.49% to 2.61% at 12 km and from 29.51% to 3.63% at 36 km. The harmonic distortion rate of 850Hz decreases to around 3% at 36km. The harmonic content of other resonant frequencies is also significantly reduced.
The resonance phenomenon is suppressed effectively, and the power quality is significantly improved. Simulation results validates the effectiveness of the suppression strategy.
V. EXPERIMENTAL RESULTS
The suppression strategy is tested using the small power experimental platform. Its photos are shown in Fig. 13 and its circuit diagram is shown in Fig. 14.  FIGURE 13 . Photos of the small power experimental platform. 
A. THE SMALL POWER EXPERIMENTAL PLATFORM
As shown in Fig. 14, the hardware in the small power experimental platform is composed of three parts: network-side impedance circuit used to simulate traction network, traction converter and SiC auxiliary converter. Parameters of them are shown in Table 3 . Different topologies are used in experiments. Different resonance frequency can be tested with different circuit combination.
In Fig. 14 (a) , both traction converter and auxiliary converter are on the same side of transformer. This is used to simulate the resonance generated by the harmonics of the train itself. The traction converter uses normal control mode. As a harmonic source, traction converter changes the frequency distribution of harmonics by changing its switching frequency. In Fig. 14 (b) , traction transformer and auxiliary transformer are not in the same position. The traction converter represents other trains that generate harmonics. The auxiliary converter using impedance reshaping control for resonance suppression represents the train we need to control.
B. EXPERIMENTAL RESULTS OF THE SMALL POWER EXPERIMENTAL PLATFORM
With Lg 1 , Cg 1 , Lg 2 , Cg 21 and Cg 22 , as shown in Fig. 14(a) , the resonance frequency of the voltage at the primary side of the train is around 350Hz. As shown in Fig. 15 , the primary voltage THD is 20.88%, 350Hz voltage harmonic content is 11.77%, and 350Hz current harmonic content is 12.19%. SiCside 350Hz impedance value is 6.78, equivalent to the primary side of the transformer is 24.48.
In the SiC impedance reshaping control, the virtual impedance value is set to 2. As shown in Fig. 16 , the peak value of the voltage waveform decreases from above 60V to around 50V. The primary voltage THD is 9.53%, 350Hz voltage harmonic content is 0.66%, and 350Hz current harmonic content is 3.74%. SiC-side 350Hz impedance value is 1.26, equivalent to the primary side of the transformer is 4.55. The actual impedance value is less than the set value. It fits the theoretical analysis. The suppression effect is also obvious.
Changing to network to only Lg1 and Cg1, the SiC converter and IGBT converter operate separately with switching frequency 20 kHz and 2.35 kHz. As shown in Fig. 17 , the resonant frequency 4850 Hz, and the corresponding primary voltage harmonic content is 28.46%, corresponding primary current harmonic content is 0.4035% at this frequency. Impedance value is 443 at the transformer primary side at 4850Hz.
In the SiC impedance reshaping control, the virtual impedance value is set to 52. As shown in Fig. 18 , with impedance reshaping control, impedance value is 106 at 4850Hz. With the increase of harmonic frequency, the impedance reshaping effect is weakened, but impedance still decrease. Primary voltage THD is also decreased to 12.07%. The peak voltage is reduced from above 80V to around 60 V, and the effect is still remarkable.
With Lg1, Cg1, Lg2, and Cg21, as shown in Fig. 14(b) , the resonance frequency of the voltage at the primary side of the train is around 550Hz. As shown in Fig. 19 , the voltage THD is 21.81%, 550Hz voltage harmonic content is 14.01%. And 550Hz current harmonic content is 7.767%. SiC-side 550Hz impedance value is 12.55, equivalent to the primary side of the transformer is 45.3.
In the SiC impedance reshaping control, the virtual impedance value is set to 5. As shown in Fig. 20 , the peak value of the SiC voltage waveform decreases from above 40V to around 32V. The voltage THD is 10.28%, 550Hz voltage harmonic content is 5.477%. And 550Hz current harmonic content is 6.835%. SiC-side 550Hz impedance value is 5.25, equivalent to the primary side of the transformer is 18.95. The actual impedance value is close to the set value. It fits the theoretical analysis. The suppression effect is also obvious. Summary and comparison of experimental results are shown in Table 4 .
Circuit I is the circuit shown in Figure 14 (a). Circuit II is the circuit shown in Figure 14 (a), but without Lg 2 , Cg 21 and Cg 22 . Circuit III is the circuit shown in Figure 14(b) . In all cases, after the resonance suppression strategy is put in, the equivalent harmonic impedance approaches the set value, voltage amplitude decreases, and waveform improves significantly. In Circuit I and Circuit II, both traction converter and auxiliary converter are on the same side of transformer to simulate one train. Different frequency can be tested by different network-side circuit combination. The comparison between the two cases shows that the resonance suppression effect is obvious at both low and high frequencies. In Circuit III, the position of traction converter is changed to simulate another train which is in the different locations of traction network. Comparing the experimental results of Circuit I and Circuit III, it shows that the proposed suppression method is effective whether the resonance is caused by the train itself or other trains on the same traction network. The above experimental results show that the proposed harmonic resonance suppression strategy is effective in different circuit topologies, with different harmonic sources and at different resonant frequencies. 
VI. CONCLUSION
In this paper, a harmonic resonance suppression strategy of the trains-network system based on impedance reshaping by auxiliary converter of electrical locomotive is proposed. Based on the analysis of harmonics resonances mechanism of the trains-network systems, the harmonic impedance of the train is reshaped to reduce the equivalent harmonic impedance of the train position. The resonance formation condition is broken, and resonances are suppressed. After applying this suppression method, the voltage amplitude of the train entering the traction network is shown to have obviously decreased, the total distortion rate is significantly reduced, the sine degree of the waveform is significantly improved, and the suppression effect is achieved.
The trains-network system harmonic resonance suppression based on the impedance reshaping control of the auxiliary converter proposed in this paper can effectively restrain the harmonic resonance of trains without adding system hardware and has little impact on the function of the system itself. And this strategy can suppress harmonic resonance even if the train is moving and the impedance is changing. This strategy is valid whether the resonance is caused by the train itself or other trains on the same traction network. Due to the application of SiC devices, the frequency range of effective suppression is very wide, reaching about 5000Hz. It is not only effective for multiples of 50Hz, but also for nonmultiples. The proposed strategy is cost-effective, efficient, and unaffected by external conditions.
